The electrical properties, the spontaneous polarization, and the piezoelectric response of ZnO can be tailored by alloying ZnO with BeO for applications such as electrodes in flat panel displays and solar cells, blue and ultra-violet (UV) light emitting devices, and highly sensitive UV detectors. We present here the results of a study that employs density functional theory to analyze the crystal structure, the band structure, spontaneous polarization, and piezoelectric properties of 
The spontaneous polarization of Zn 1-x Be x O in the orthorhombic lattice is markedly larger compared to the wurtzite structure while the piezoelectric polarization in the wurtzite and orthorhombic structures varies linearly with the Be concentration.
I. INTRODUCTION
ZnO thin films and one-dimensional nanostructures have gained significant importance in recent years in electronic, electromechanical, optoelectronic and magnetic devices. [1] [2] [3] [4] [5] This interest stems from the electronic properties including a large direct band gap (E g = 3.37 eV at 300 K), a large exciton binding energy (~ 60 meV), strong spontaneous (P S = −0.57 C/m 2 ) and particular interest are: would there be any changes in crystal structures of these alloys in one-dimensional nanostructures, where there are only a limited number of anions and cations compared to bulk or thin film Zn 1-x Be x O? Furthermore, considering that these materials are piezoelectric and possess a spontaneous polarization, how does the polarization change with varying the Be composition in nanostructures where the electrostatics of free surfaces due to termination of atomic bonds plays a significant role? To answer these questions and to guide experimental studies, we have carried out first-principles calculations based on the density functional theory (DFT) 29 with a particular emphasis on the crystal structures, band gap bowing, spontaneous polarization, and piezoelectric response as a function of the Be composition x. We compare the relative stability and properties of Zn 1-x Be x O solid solutions in the prototypical W structure (P6 3 mc) and two orthorhombic unit cells with Pmn2 1 /Pna2 1 /P2 1 structures. Our results
show that depending on the composition, the alloys may have a different crystal structure than the end components ZnO and BeO. While the electronic structure, the band gap energy, and the piezoelectric properties are relatively unaffected by the variation in the crystallography of Zn 1-x Be x O, the spontaneous polarization shows significant deviations if the crystal structure of the alloy were assumed a priori to be the W structure.
II. CRYSTAL STRUCTURES
Both ZnO and BeO have the W structure which consists of alternating hexagonal closed-packed metal (Zn or Be) and oxygen layers [ Fig. 1(a) ]. Each metal (oxygen) is nearly equi-distant to its four nearest oxygen (metal) atoms which form a tetrahedron. The structure is characterized by an in-plane lattice parameter a 0 , an out-of-plane lattice parameter c 0 , and an internal lattice parameter u 0 measuring the interatomic distance, i.e., the bond length along the c-axis. 30 The atomic size of Zn and the size of the ZnO unit cell are larger than that of Be and BeO (Table I ). The W structure and the primitive periodicity of the (0001) 16 However, information regarding other structural or crystallographic properties, such as the relative atomic positions and symmetry in the basal plane, that are needed to completely characterize the crystal structure of these alloys is lacking. Such factors play a significant role on the growth morphology, band structure, spontaneous polarization, and piezoelectric properties of a material. Provided that the same interlayer distance along the c-axis is maintained, other crystal structures than the W lattice may indeed become possible, especially in one-dimensional nanostructures. As an example, we point to recent calculations in the In Fig. 2 we provide the possible crystal structures and space groups of the compositions that were considered in this study. (Fig. 3) .
III. COMPUTATIONAL METHODS
Calculations were carried out at 0 K using the PW91 generalized gradient approximation (GGA) 34 of DFT as implemented in Vienna ab initio Simulation Package (VASP). 35 The plane-wave pseudopotentials based on the projector-augmented wave method were used 36 and the wave functions were expanded with an energy cut-off of 500 eV. We note that the Zn 3d electrons are explicitly included in the valence states. Previous DFT calculations on ZnXO (X=Cd, Mg, or Be) and GaZN (Z=Al or In) alloys 17, 27, 32, 33, 37, 38 show that each supercell of the 
IV. RESULTS AND DISCUSSION

A. End Components ZnO and BeO
The fundamental properties of ZnO and BeO in the W phase have been studied extensively via DFT. [41] [42] [43] [44] We provide in Table I previously obtained experimental and theoretical values for the lattice parameters, band gap energy, and spontaneous polarization of ZnO and BeO. (Table I) . For ZnO our calculations yield u 0 = 0.379 which is closer to the ideal value of u (for which P S =0), resulting in
This is in agreement with one theoretical finding (− 0.029 C/m 2 ) 41 and significantly smaller than another calculation (− 0.057 C/m 2 ) 42 .
B. Lattice Parameters and Formation Energies
The lattice parameters of Zn 1-x Be x O as a function of x in the W, O-16, and O-32 structures are plotted in Fig. 4(a) . For a more meaningful comparison of these crystal structures, we use the equivalent in-plane lattice parameter a 0 in the hexagonal 1×1 format [( Fig. 1(b) ]. Despite different in-plane symmetries and atomic arrangements, the lattice parameters a 0 and c of the three structures have nearly identical values at a given Be composition x and obey Vegard's law,
where Eq. (2) is in agreement with the experimental measurements of Ryu et al.. 16 The relative stability of the structure of a particular Zn 1-x Be x O composition is determined by its formation energy per cation-anion pair at 0 K given by:
which is essentially the difference between the total internal energies of formation of (Table II) . (Table II) . As seen in Fig. 4(b) , this agrees well with the much larger E form in W structures. 
C. Electronic Structure
The electronic band structures (not shown) and density of states of ZnO and BeO in our study agree well with previous experimental and theoretical studies (taking into account the underestimation in DFT). 43 The band gap energies of the alloys for the three structures as a function of x are plotted in Fig. 6(a) . Similar to the lattice parameters, E g is nearly the same for the W, O-16, and O-32
configurations at a given x. Over the entire composition range, E g displays a nonlinear
dependence on x which can be described using a parabolic approximation: 
D. Spontaneous Polarization and Piezoelectric Properties
The particular shape of nanostructures of polarizable piezoelectric materials depends closely on the crystal structure and the magnitude and orientation of the spontaneous polarization.
Several different nanostructures of ZnO (such as nano-helixes, nano-spirals and nano-rings) 2, 50 have been synthesized using these principles. 
where the polarization bowing parameter b S is −0.0916 C/m 2 . Fig. 7 (a) shows that P S (x) in the W structure is significantly less in magnitude than the weighted averages of P S of ZnO and BeO; for Since P S (along the c-axis) arises from relative displacements of the anions and cations, it is closely related to the bonding length along this direction. In Fig. 7 (b) , we plot the average value of bonding lengths along the c-axis ( u ) in the W, O-16, and O-32 structures as a function of x. The correlation between u and P S is obvious and can be attributed to an internal strain effect resulting from the variation of Zn-O and Be-O bond lengths in the alloys. 37 The (Fig. 2 ).
Piezoelectric polarization (P PZ ) results from external strain ε j which can be expressed as
where e ij are the components of the piezoelectric tensor in Voigt notation. 40 In the W structure, 
where ε // =ε 1 =ε 2 is the equi-biaxial in-plane strain, ε 3 is the strain along the c-axis, and
The calculated piezoelectric coefficients of ZnO (e 31 
The calculated piezoelectric coefficients e // and e 33 for both the W and O-16 structures show a roughly linear interpolation with the Be concentration x (Fig. 8) .
V. CONCLUSIONS
We have used DFT to study the crystal structure, band gap bowing, spontaneous together with the experimental bowing parameter obtained from the measured E g in Ref. [16] . 
